The present work evaluated the use of photo-Fenton process for the treatment of kraft pulp mill effluent. The photo-Fenton best operating conditions, such as pH, concentration, and H2O2: Fe 2+ ratio were evaluated. The efficiency of the treatment was measured by COD (chemical oxygen demand) removal. The results showed that the optimum pH for the photo-Fenton process was equal to 3. The increase in H2O2 application resulted in an efficiency increase of the photo-Fenton process, although this was not a directly proportional relation. For most cases, the H2O2: Fe 2+ proportion of 100:1 yielded the best results for COD removal. Solar radiation was more efficient than artificial UV to the COD removal. During the treatment the organic matter of the effluent was more oxidized than mineralized, showing a higher removal of COD than BOD (biochemical oxygen demand) and TOC (total organic carbon), respectively. So, photo-Fenton process increased the BOD/ COD ration but decreased the BOD/TOC ratio.
Introduction
Biological treatment processes are commonly used to treat pulp mill effluents and, in some cases, are not enough to meet regulations. In part, this is due to a fraction of recalcitrant organic matter present in the effluent, which is inert to biological oxidation.
An alternative to increase the removal of recalcitrant organic matter would be a pretreatment of this material, changing it into biodegradable compounds. The technology known as advanced oxidation processes (AOP) has been tested for the oxidation of some types of organic compounds, such as chlorinated phenols, being able to completely convert them into CO 2 or partially oxidize them [1] - [3] .
This type of treatment may also fractionate complex molecules of high molecular mass into simpler intermediate compounds, such as acetic, maleic, and oxalic acids, acetone and chloroform. These new formed compounds are part of the bioenergetic cycle of living organisms and, therefore, they are compatible with the biological treatment [4] .
The AOP constitute a set of techniques based on the generation of the free radical (•OH), in sufficient quantity to reach the oxidative degradation of the organic contaminants in water and wastewater [5] . The radical •OH has a high potential for reduction, making it effective in oxidizing organic compounds.
Although several studies are being carried out, evaluating the oxidation of recalcitrant compounds in synthetic effluents, the application of the photo-Fenton process for the treatment of bleached kraft pulp mill effluent was not yet fully studied. Therefore, the main objective of this research was to evaluate the application of this process to the treatment of bleached kraft pulp mill effluent. Specific objectives were: i) to find the best operating pH; ii) to optimize the dosage and find the best H 2 O 2 : Fe +2 ratio; iii) to evaluate the source of radiation (solar and artificial); iv) to evaluate the efficiency of photo-Fenton reaction in removing organic contaminants from the industrial effluent.
Material and Methods

Effluents
The effluent used was collected at a bleached eucalyptus kraft pulp mill where D(EOP)DD bleaching sequence is used. The final effluent is a mixture of acid and alkaline filtrates from the bleaching plant and wastewater from other areas of the plant.
Photo-Fenton Treatment
The optimum pH to treat the effluent was established through preliminary testing to be in the range of 2.5 to 5.0. The treatments were carried out at two sources of radiation: solar and artificial. A 9-W black light lamp, with emission spectrum in the region of the near-to-visible ultraviolet (UVA) was used as source of artificial radiation. The experimental unit for the treatments carried out under sunlight consisted of four identical chemical photoreactors, with 0.043 m 2 of superficial area exposed to sunlight. A volume of 250 ml of effluent were treated in each photoreactor. The effluent layer thickness of 0.7 cm was used.
Fenton reaction was promoted by adding hydrated ferrous sulphate (Fe 2 SO 4 •7H 2 O) and stock solution of H 2 O 2 to the effluent. The mixture was homogenized during the whole treatment by agitating with a magnetic bar. Each treatment lasted 120 minutes, all of them having been carried out between noon and 2 p.m. at ambient temperature.
The consumption of H 2 O 2 during Fenton reaction was evaluated in parallel. For this purpose, a fifth treatment was required to be carried out concomitantly, by keeping the same conditions of the other four repetitions, but using a photoreactor with capacity for a higher volume of effluent (1250 ml). The concentration of H 2 O 2 was determined by iodometry.
The treatments that used a black light lamp as source of radiation were carried out on a laboratory bench apparatus. The conditions and methods adopted for these treatments were analogous to those described for the treatments under solar radiation, except for the configuration of the photoreactor used. A configuration similar to those described by other authors [3] was used for these treatments.
A peristaltic pump (Gilson, Milliplus 3), with flow adjusted so as to apply the whole dosage of reagent in the course of 60 minutes, was used for the treatments with continuous addition of reagents. 
Chemical Analyses
The analyses of pH, COD, BOD, colour, total phenols, total nitrogen, total phosphorus, and chlorides, were conducted in accordance with the Standard Methods for the Examination of Water and Wastewater [6] . For the analysis of TOC, the samples were filtered in qualitative filter paper (quick filtration, black stripe), the pH having been adjusted thereafter to a range of 2 to 3 with 20% sulphuric acid. Later, TOC was analyzed in a TOC-5000A SHIMADZU apparatus according to the manufacturer's manual. The analyses of AOX (adsorbable organic halogens) of the effluents were done in a Euroglas ECS 1600 equipment in accordance with SCAN standard [7] .
Results and Discussion
Effluent Characterization
The effluent used in the study showed typical characteristics of eucalyptus kraft pulp mill effluents ( Table 1) , as the high chloride content and the high ratio between organic matter (BOD or COD) and the nutrients nitrogen and phosphorus. The pH near the neutral and the BOD/COD ratio above 0.4 indicates biological treatability.
Selection of the Best pH for the Photo-Fenton Process
The mixture of all currents of sectorial effluents of a mill generates a final effluent, the pH of which normally ranges from 5 to 8, which is more suitable for the biological treatment, but incompatible with the photo-Fenton reaction (Figure 1) .
The difference between the pH of the final effluent and the optimum pH found for the photo-Fenton process is an inconvenience for applying this technology. In operating conditions it would require large amounts of acid to lower the pH of the effluents to the optimum value for treatment.
Sources of Radiation for the Photo-Fenton Process
The continuous treatment of effluents by means of the photo-Fenton process requires the use of an artificial source of light for night periods. However, once the pH of the effluents is adjusted and the dosages of reagents are optimized, the levels of removal of COD reached in the conventional (biological) treatments can be attained and even surpassed by the photo-Fenton process, under solar or artificial radiation (Figure 2 ). Thus, it is probable that from the treatments carried out with the same concentration of hydrogen peroxide those having used lower iron loads, that is, 100:1, were less impaired by this type of deleterious reaction. On the other hand, the photoreduction of Fe 3+ by sunlight maintains the concentration of Fe 2+ in the reactive medium, guaranteeing the efficiency of the photo-Fenton process even in treatments with low initial concentration of ferrous ions [8] .
These results disclose another particularly important aspect for a possible industrial application, since high iron loads, besides making the process more expensive, cause a thin sludge of iron hydroxide precipitates to form during neutralization of the effluent pH.
Previous works were carried out, comparing experiments at different initial concentrations of Fe
2+
. Such works revealed that higher concentrations of Fe 2+ at the beginning of Fenton reaction imply higher velocity of degradation of the organic contaminants, but in some cases without appreciably increasing the efficiency of the process [2] [8]- [10] . Higher concentrations of Fe 2+ at the beginning of the reaction favour the formation of radicals •OH, which explains the higher velocity of degradation at the beginning of the reaction. On the other hand, higher concentrations of Fe 2+ also increase the deleterious effect of this metal on the free radicals, contributing to reduce the efficiency of the photo-Fenton process.
Another important aspect was the high removal of COD reached in the Experiment 6, which attained 95.4% in the treatment that used the 100:1 ratio. In that treatment, the COD of the effluent was reduced to 43 mg•l −1 , a value far below the emission standards stipulated by rigorous environmental legislations. These observations corroborate the potential of AOP for the treatment of effluents.
In general, the treatments carried out with artificial irradiation were less efficient than those performed using solar irradiation, as far as the percentages of reduction in the COD of the effluents are concerned. As most experimental conditions were similar, the main explanation for such behaviour is that the black light lamp does not present the same efficiency as sunlight, as far as the photoreduction in Fe 3+ is concerned. Furthermore, another factor that may have contributed to such results was the thickness of the effluent layer. A thicker layer may make it more difficult for the UV rays to penetrate the full extent of the sample, restricting photoreduction of Fe 3+ to the most superficial layers of the liquid. When statistically analyzing the results shown in the graphs of Figure 2 , it is possible to conclude that the removal of COD increases by a lower proportion than the increase in the initial dosage of hydrogen peroxide. As the concentration of reagents (H 2 O 2 and Fe
) is increased, the harmful effects are intensified, since H 2 O 2 reacts with radicals •OH, competing with the organic matter oxidation [11] [12] . The decrease in concentration of H 2 O 2 as a function of the treatment time reveals that the most pronounced consumption of this reagent occurs during the first minutes of reaction, except for the treatments having used the 100:1 proportion. In these treatments, the consumption of H 2 O 2 is well-distributed during the whole reaction time, probably because the lower availability of ferrous ions (required to form the radicals •OH in the reactive medium reduces the velocity of decomposition of the hydrogen peroxide. In the treatments using Fenton reagent in the proportions of 3:1, 5:1, and 10:1, for which a quick consumption of H 2 O 2 was observed, it is probable that the generation of radicals •OH and consequently the organic matter degradation mainly occur at the beginning of the treatment.
From the operating point of view, this is a further important aspect, as reduction in effluent treatment time can be achieved by increasing the dosage of Fe 2+ at the beginning of the treatment. Thus, for the design of an effluent treatment plant by means of the photo-Fenton process the hydraulic retention time should be determined as a function of the ratio between reagents H 2 O 2 and Fe 2+ to be used.
Effluent Treatment Efficiency
A more complete evaluation of the performance of the photo-Fenton process was carried out as soon as the most suitable ratio (100:1) between the dosages of reagents H 2 O 2 and Fe 2+ was defined. The results showed in Table 2 indicate that the removal of COD by the photo-Fenton process increased as the dosages of reagents H 2 O 2 and Fe 2+ increased. Nevertheless, the increase in COD removal did not reflect the same proportion of the increase in the initial dosage of the reagents.
The removal of COD surpassed removals of BOD, TOC, and AOX. Apparently inconsistent, this result can be understood, since during the photo-Fenton reaction a good part of the organic matter is not completely mineralized (converted into CO 2 ). A part of it turns into partially oxidized compounds, which reduces COD, and/or is converted into simpler subproducts, such as the carboxylic and formic acids and aldehydes, which are, on the other hand, more biodegradable [2] [13] . The results also show that BOD/TOC ratio, understood as the biodegradability per carbon atom, decreased after effluent treatment, which reinforces the idea that the organic matter was modified (partially oxidized), rather than mineralized.
The BOD/COD ratio of the effluents increased after two out of the three treatments, characterizing an indica- 
Conclusions
The high removals of COD, obtained in some experiments, show that the photo-Fenton process has the technical potential to be used in the treatment of pulp mill effluents.
The pH 3 was the optimum for application of the photo-Fenton process to the treatment of effluents from the bleached kraft pulp industry. At this pH, the experiments carried out with initial ratio of 100:1 between the concentrations of reagents H 2 , respectively, were used.
Experiments carried out under sunlight showed that removal of BOD, TOC, and AOX also increases as the dosages of Fenton reagent are increased, but in the same way as with regard to COD, it does not reflect the same proportion.
During the chemical treatment, the organic matter present in the effluents was oxidized, rather than mineralized, higher percentage removals of COD, BOD, and TOC, respectively, having been observed. For this reason, the photo-Fenton process increased BOD/COD ratio, but reduced BOD/TOC ratio.
